Atmospheric pollution by motor vehicles is considered a relevant source of damage to architectural heritage. Thus the aim of this work was to assess the atmospheric depositions and patterns of polycyclic aromatic hydrocarbons (PAHs) in façades of historical monuments. Eighteen PAHs (16 PAHs considered by US EPA as priority pollutants, dibenzo [a,l]pyrene and benzo[j]fluoranthene) were determined in thin black layers collected from façades of two historical monuments: Hospital Santo António and Lapa Church (Oporto, Portugal). Scanning electron microscopy (SEM) was used for morphological and elemental characterisation of thin black layers; PAHs were quantified by microwave-assisted extraction combined with liquid chromatography (MAE-LC). The thickness of thin black layers were 80-110 μm and they contained significant levels of iron, sulfur, calcium and phosphorus. Total concentrations of 18 PAHs ranged from 7.74 to 147.92 ng/g (mean of 45.52 ng/g) in thin black layers of Hospital Santo António, giving a range three times lower than at Lapa Church (5.44-429.26 ng/g; mean of 110.25 ng/g); four to six rings compounds accounted at both monuments approximately for 80-85% of ∑ PAHs . The diagnostic ratios showed that traffic emissions were significant source of PAHs in thin black layers. Composition profiles of PAHs in thin black layers of both monuments were similar to those of ambient air, thus showing that air pollution has a significant impact on the conditions and stone decay of historical building façades. The obtained results confirm that historical monuments in urban areas act as passive repositories for air pollutants present in the surrounding atmosphere.
Introduction
Throughout Europe, there is evidence that historical buildings have been considerably damaged. Although some damage owing to natural agents such as from wind or rain is inevitable, many of the historical buildings deteriorate owing to the action of air pollutants present in today's atmosphere [1] . Typically, the decay patterns on porous inorganic building materials (stone, concrete and aggregates) result from both organic and inorganic pollutants [2, 3] that are transferred to the respective surfaces by both wet and dry processes [4] [5] [6] . The destruction effects of these processes may also consist in blackening of the monument façades. Whereas in the past building surfaces were blackened by the use of coal [7] , nowadays they are darkened mostly from vehicle exhausts [1] . Thus emissions from road transport represent a significant cause for deterioration of historical buildings and monuments. Although the effects of vehicular traffic on buildings façades are not completely understood, some studies already reported rapid stone decay of historical buildings in areas with heavy traffic [4, 8, 9] . Further degradations of the architectural heritage might be expected in the foreseeable future, potentially leading to losses of these structures forever.
Thin black layers (also called black films) [10] are often produced on surfaces as a consequence of air pollution [11, 12] . Apart from being the unsightly when they accumulate, they also act as hydrophobic interface, which may cause exfoliation of the stone [1] . The composition is typically complex [1, 11] and comprises iron and sulfur rich particles, silica, aluminium and carbon rich dust, and various other compounds. Unlike black crusts, black thin layers are not composed of gypsum or formed in areas protected from rain, being much thinner than black crusts (less than 370 μm) [11, 12] .
Owing to their negative impacts both to human health and environment, polycyclic aromatic hydrocarbons (PAHs) are among the most studied compounds of our atmospheric environment. Many of the individual PAHs are cytotoxic and mutagenic to both lower and higher organisms [13] , and some of them being considered as carcinogens (probable, possible) to humans [14, 15] . PAHs are produced during incomplete combustion of organic matter such as coal, oil and gas; traffic is one of the most important anthropogenic emission sources in urban areas [16] [17] [18] . The semi-volatile properties of some PAH make them highly mobile throughout the environment, with deposition and re-volatilisation processes distributing them between air, soil and water; some PAHs are subject to long-range transport through the atmosphere making them a transboundary environmental problem. Although the identification of PAHs have been reported previously in the surface layers of buildings [2, 5, 9] , studies that include these compounds are relatively scarce.
In 1996, the historical centre of Oporto (NW Portugal) was classified as 'UNESCO World Cultural Heritage'. Despite its cultural values, the façades of historical buildings and monuments have been deteriorating, showing intense loss of materials owing to disintegration and blackening, as consequence of the general presence of thin black layers, mainly owing to pollutants deposition. In that regard vehicular traffic emissions are especially relevant as they significantly affect this urban area [19, 20] ; motorisation rate Oporto Metropolitan Area is the second largest in Portugal [21] .
The aim of this study is to evaluate the role of air pollution on the degradation of historical building façades, and in particular to assess the atmospheric depositions and patterns of PAHs in stone decay of two historical monuments. Hospital Santo António, one of the most significant neoclassical-style monuments of Portugal, and Lapa Church both situated in Oporto Metropolitan Area (Portugal) were the used historical monuments.
Experimental

Sampling
The samples of thin black layers were collected in December of 2008 from façades of Lapa Church and Hospital Santo António. Both are historically important national monuments that are situated in centre of Oporto city, on the right bank of river Douro. Lapa Church was built during seventeenth and eighteenth century (1756-1856). Reflecting the long period of construction the architectonic style is a mixture of rococo and neoclassicism. The main façade consists of two floors of the central body with a triangular pediment, lined by two 56 m high bell towers. The church is situated directly at a junction that intersects the main roads connecting city centre, historical and business districts of Oporto and suburbs. The Hospital Santo António designed by English architect John Carr was built between 1779 and 1824. It represents the largest neoclassical style building in Portugal. The original plan contemplated a square of four façades occupying an area of 28,721 m 2 (160 rooms with total of 20,600 doors and windows), but the finalised building took the form of 'U' shape. The main façade is 177 meters wide and composes of five distinct bodies, two of them with full arches, and three pediments with four to six Doric columns.
The façades of both monuments are built with Oporto granite (two mica medium to coarse grained granite composed of quartz, microcline, sodium plagioclase, muscovite and rare biolite). The outer surfaces of both monuments have not been subjected to any cleaning. Thin black layers were found on areas that were not protected from rain. In order to obtain representative samples, thin black layers were collected at various points with different orientations. Specifically, six samples of thin black layers were collected from western (main) façade of Lapa Church. At Hospital Santo Antonio, 11 samples of thin black layers were collected as the following: six from eastern (main) façade, and four and one samples from south and north façade, respectively. Sampling points at both monuments were positioned at comparable heights and covering whole façade areas (from bottom to the top). Samples between 1 to 3 cm long and 0.5 to 2 cm wide were collected using plastic spatulas when thin black layers were found on the surface of plates, or with a hammer in case they covered the ashlars. Samples were then immediately placed in hermetic plastic containers and stored for further analysis. Total weight of collected samples varied from 1122.5 and 3732.6 mg.
Characterisation of thin black layers
The morphological and elemental characterisation of the collected thin black layers was performed by scanning electron microscopy (SEM) using the microscope model Quanta 400 FEG (FEI, USA) combined with an X-ray microanalysis system by energy dispersive spectrometer (EDX) model Pegasus X4M (EDAX, USA). Samples of black thin layers were placed and mounted (Araldite®, Huntsman Advanced Materials, USA) on aluminium stubs. For better conductivity and reduction of electron charge, the samples were coated with a carbon layer. Magnification of 40 allowed for approximate sample area of 6 × 5 mm. Acceleration voltage of 15 keV and X-ray spectrum acquisition time of 200 s live time were used.
The analysis of carbon species was performed by total organic carbon analyser (Shimadzu TOC-VCSH 5000, Japan) equipped with a solid sampler module (SSM-5000A, Shimadzu, Japan) and non-dispersive infrared spectrophotometer (NDIR). Combustion was at 900°C using oxygen (99.9%) with flow rate of 500 mL/min using mixture of cobalt oxide and platinum as catalysts.
Extraction of PAHs
The analyses of dibenzo [a,l] [22] . Approximately 300 to 1000 mg of accurately weighted homogenised samples were transferred to the glass extraction vessels with 20 mL of acetonitrile (Lichrosol for gradient elution, Carlo Erba, Rodano, Italy, purity > 99.9%). The MAE was performed for 20 min at 110 ºC preceded by a 10 min ramp. After the extraction, vessels were allowed to cool at room temperature; extracts were carefully filtered through a PTFE membrane filter (0.45 µm; Teknokroma, Spain) and reduced to a small volume for sample preconcentration using a rotary evaporator (Buchi Rotavapor, R-200) at 20 ºC. A gentle stream of nitrogen was used to dry the extracts under low temperature; the residue was then re-dissolved in 1000 μL of acetonitrile immediately before analysis.
PAHs chromatographic analysis
Extracts were analysed using a Shimadzu LC system (Shimadzu Corporation, Kyoto, Japan) equipped with a LC-20AD pump, DGU-20AS degasser and photodiode array SPD-M20A (PAD) and fluorescence RF-10AXL (FLD) detectors on line [22] . Separation of the compounds was performed in a C18 column (CC 150/4 Nucleosil 100-5 C18 PAH, 150 × 4.0 mm; 5 µm particle size; Macherey-Nagel, Duren, Germany) maintained at room temperature (20 ± 1 ºC). The injected volume was 15.0 μL. A mixture of water and acetonitrile was used as the mobile phase. The initial composition of the mobile phase was 50% of acetonitrile and 50% ultra-pure water, and a linear gradient to 100% of acetonitrile was programmed in 15 min, with a final hold of 13 min. Initial conditions were reached in 1 min and maintained for 6 min before next run. The total run time was 40 min with a flow rate of 0.8 mL min The overall MAE-LC procedure for analysis of PAHs was previously validated by systematic recovery experiments and analysing the certified reference material SRM 1650b 'Diesel particulate matter' [22] . PAHs were extracted from particles with recoveries ranging from 81.4 ± 8.8% to 112.0 ± 1.1%, for all the compounds except for naphthalene (62.3 ± 18.0%) and anthracene (67.3 ± 5.7%).
The repeatability was evaluated by the relative standard deviations (RSD) of triplicate samples. RSD values ranged from 0.5 (fluorene) to 5.6% (chrysene). During each set of MAE extractions, a blank was included. Standards used for calibration were analysed daily and regularly, as well as blank MAE extracts, between samples to check instrument performance during PAHs analysis. Each analysis was run at least in triplicate.
Statistical methods
For the data treatment, the Student's t-test was applied to determine the statistical significance (p < 0.05, two tailed) of the differences between the means of individual PAHs at both monuments. Figure 1 shows the SEM images of thin black layers collected from Hospital Santo António and Lapa Church. As it can be seen thin black layers of both monuments were similar with rough uneven surfaces between 20 and 400 μm thick, with typical thickness range between 100-180 μm. Layers of both monuments were constituted by small size particles generally bellow 10 μm in diameter with various shapes and compositions that were aggregated and embedded in carbonaceous matrix. Inorganic carbon was not determined in thin black layers thus the total carbon content equalled the organic carbon with typical range of 0.05-0.06% (w.w.). Among the major types of mineral particles identified by SEM were particles with no specific shape rich in carbon or Fe (Figure 2a) , aggregates of particles of small size with various compositions (Figure  2b) , and various types of fly ashes. The porous morphology of S-rich carbonaceous fly ashes (Figure 2c ) suggests origin mostly from combustion sources [11, 24] . In Oporto Metropolitan Area the most significant sources of carbonaceous particulates are emissions from traffic [25] and from a power plant situated nearby [26] ; the contribution from other sources is considerably less significant [25, 26] . Ti-rich fly ashes with rough surface (Figure 2d ) and Fe-rich fly ashes (Figure 2e ) are associated with crustal road dust material [12] . Fly ashes rich in Al and Si and containing larger or smaller amounts of other elements such as Fe, K, Na and Ca were also found (Figure 2f ). Over all, semiquantitative EDX analyses of thin black layers (compared to granite support material) revealed significant abundance of iron, sulfur, calcium and phosphorus, with composition ranges in all analysed samples of black thin layers as the follows: Fe 2 O 3 between 2.6 and 37.1%, SO 3 contents of between 2.3% and 17.8%, CaO between 0.4% and 5.9%, and P 2 O 5 content between 0.9% and 21.5% (Table 1) . Untypically higher abundance of phosphorus is probably caused by leaching of seagull excrement droppings deposited on the façades. Sulfur was not present as sulfate, given that gypsum is absent in black thin layers and its presence could be associated with pollution-related particles [11] .
Results and discussion
Characterisation of thin black layers
PAHs in thin black layers
The levels of the studied PAHs in thin black layers of both historical monuments are summarised in Table 2 , which presents the concentration and ranges of the 18 quantified compounds. No cross contamination was detected during analysis based on blank MAE extracts. As it can be observed, the total concentrations of all 18 PAHs (i.e. ∑ PAHs ) in the thin black layers of Hospital Santo António ranged from 7.74 to 147.92 ng/g (mean of 45.52 ng/g). The results showed that compounds with four rings, namely fluoranthene and pyrene were among the most abundant PAHs accounting for 24 and 17% of ∑ PAHs , respectively. In total, compounds with four rings represented 51% of total PAH content, whereas approximately 30% of the ∑ PAHs were compounds with five to six rings. These findings were comparable with those of Martínez-Arkarazo et al. [9] who reported that compounds with four to six rings comprised approximately 80% of ∑ PAHs (also considering 16 US EPA recommended PAHs) in façade deteriorations of non-granitic monument situated in urban area (metropolitan area of Bilbao, Spain). High abundances of PAHs with four to six rings in monument façades were also found in a study from Italy where author analysed 16 US EPA PAHs in stone surface layers of the Temples of Agrigento [27] . The author reported benzo[b]fluoranthene (five rings), benzo[a]pyrene (five rings), and chrysene (four rings) among the four most abundant PAHs with the highest concentrations observed for phenanthrene (three rings). In thin black layers of Hospital Santo António PAHs with two to three rings accounted in general for less than 1% of ∑ PAHs . Specifically, acenaphthylene and acenaphthene were not found in thin black layers of Hospital Santo António. The absence of these two compounds might be related with their physical properties (lower molecular weights and higher volatility) that cause their predominant presence in the gaseous phases; previous studies that evaluated PAH distribution in air (ambient outdoor and non-smoking indoor) reported acenaphthylene and acenaphthene as entirely present (i.e. 100%) in the gas phase [28, 29] . However, for phenanthrene (also a compound with three rings), much higher abundances that were similar to the Italian study [27] were observed. Its Table 2 . Concentrations (mean ± standard deviation; ranges) of PAHs in thin black layers of two historical monuments (ng/g). concentrations in thin black layers reached up to 26.16 ng/g, phenanthrene accounted approximately for 21% of ∑ PAHs , thus being the second most abundant PAH. High abundance of this PAH is generally indicative of combustion sources, in urban areas typically represented by road vehicular emissions [30] [31] [32] [33] . In comparison with the Hospital Santo António, the levels of PAHs in the thin black layers of Lapa church were significantly (approximately three times) higher (p < 0.05) with ∑ PAHs ranging between 5.44 and 429.26 ng/g (mean of 110.25 ng/g). There is much higher traffic density in the area surrounding Lapa church, which could account for higher PAH deposits found on the façades of this monument. Despite the higher levels, the composition profiles of PAHs were similar to those of Hospital Santo António. These results indicate that the PAHs in thin black layers of both historical monuments result from the same emission sources. Once again, fluoranthene and phenanthrene were the most abundant compounds (21 and 14% of ∑ PAHs , respectively), being followed by pyrene (14%) and benzo[b + j] fluoranthene (14%); the total abundance of PAHs with four to six rings was very similar to those of Hospital Santo António (i.e. 85% ∑ PAHs ). In addition, the composition profiles of PAHs in thin black layers of both monuments were compared to those in ambient air (Figure 3) . The abundances of PAHs in air (retrieved from Slezakova et al. [28] -period of 40 days in autumnwinter 2008) represent the sum of compounds in gaseous and particulate phases (considering PAHs bound to PM 10 , i.e. particles with aerodynamic diameter below 10 μm). As it can be clearly seen composition profiles of PAHs in thin black layers of both monuments were similar to those of ambient air. More detailed analysis was performed concerning the carcinogenic PAHs. According to the International Agency for Research on Cancer (IARC), out of the 18 analysed compounds ten PAHs are considered as carcinogenic (probable, possible) to humans [14, 15] From the health point of view, it is important to point out that the existence of PAHs deposited and accumulated on buildings and monuments might lead to higher human exposures and cause additional risks for human health. This knowledge is especially important to define appropriate safety equipments and procedures during building cleaning and restoration processes [34] .
To identify the possible origin of the PAHs in thin black layers the ratio values of individual PAH concentrations were used as diagnostic tools. It is necessary to point out that diagnostic ratios needs to be used with caution once they are established for PAH in ambient air and do not necessarily imply identical values when evaluating thin black layers. Moreover, the PAH ratio depend on prevailing meteorological conditions and can be altered by reactivity of some PAH species with other atmospheric species, such as ozone and/or oxides of nitrogen [35] . The diagnostic ratios were calculated for both monuments and the means and standard deviations are presented in Table 3 . Only diagnostic ratios calculated at least 80% of all analysed samples were selected at this work. To differentiate between potential sources, various ratios reported in the literature to characterise pollutant emission sources in the atmosphere [35, 36] [31, 41, 43, 44] . As can be clearly seen in Table 3 , values obtained for both monuments were within the required range thus confirming the previous results. Some ratios reported in literature were previously used to differentiate between diesel and gasoline exhausts. Flu/(Flu + Pyr) ratio higher than 0.5 indicates contribution of diesel emissions [35] , whereas values lower than 0.5 indicates gasoline emissions [35] . The present study shows very low values of Flu/(Flu + Pyr) ratios (0.05 and 0.09 for Hospital Santo António and Lapa Church, respectively) that suggest contribution of gasoline emissions; these emissions are also indicated with B[ghi]P/B[a]P between 2.5 and 3.3 [41] . Other authors [31, 45] [46] . The comparisons of the data in Table 3 [47] . Thus it may be concluded that vehicle emissions in general were a significant source of PAHs deposited on façades of both monuments with contributions from both diesel and gasoline cars. However, as some of the ratios values in Table 3 were not in agreement with each others, and considering that generally PAH sources in a matrix can be different and occasional [48] , some authors applied total index when identifying PAH sources. Orecchio [27] used total index defined as sum of the single ratios normalised for the limit value (low temperature sourceshigh temperature sources) reported in the literature: If the total index is larger than 4, PAHs are considered to originate predominantly from high temperature processes (combustion) whereas values lower than 4 indicate predominant origin from low temperature sources (i.e., petroleum products) [27] . The obtained mean values of 4.1 at Hospital Santo António and 4.4 Lapa church indicate that PAHs identified in façades of both monuments originate from combustion processes. It is, however, necessary to point out that black thin layers were continuously formed through long periods, during which pollution levels and composition profiles have been changing. Thus other processes may also contribute to deposition of PAHs on façades of both monuments resulting in non-homogenous PAH contamination of black thin layers [52] . Successive deposits and mixture of different pollutants from various sources could account for some of the inconsistency in diagnostic ratio analyses.
Conclusions
The analytical results confirmed that historical monuments in urban areas act as passive repositories for air pollutants (including carcinogenic PAHs) present in the surrounding atmosphere. Thin black layers of both studied monuments showed similar distinctive morphological aspects and contained significant levels of iron, sulfur, calcium and phosphorus. PAHs with four to six rings with higher molecular weight and lower volatility accounted approximately for 80-85% of ∑ PAHs in thin black layers of both monuments. Composition profiles of PAHs in thin black layers of both monuments were similar to those of ambient air. The diagnostic ratios indicated that traffic emissions were the significant source of PAHs in thin black layers.
